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Abstract
Ray tracing is a powerful technique to generate realistic images of 3D scenes. A
drawback is its high demand for processing power. Multiprocessing is one way
to meet this demand. However, when the models are very large, special attention
must be paid to the way the algorithm is parallelised. Combining demand driven
and data parallel techniques provides good opportunities to arrive at an efficient
scalable algorithm. Which tasks to process demand driven and which data driven,
is decided by the data intensity of the task and the amount of data locality (coherence) that will be present in the task. Rays with the same origin and similar directions, such as primary rays and light rays, exhibit much coherence. These rays
are therefore traced in demand driven fashion, a bundle at a time. Non-coherent
rays are traced data parallel. By combining demand driven and data driven tasks, a
good load balance may be achieved, while at the same time spreading the communication evenly across the network. This leads to a scalable and efficient parallel
implementation of the ray tracing algorithm.
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Introduction

From many fields in science and industry, there is an increasing demand for realistic
rendering. Architects for example need to have a clear idea of how their designs are
going to look in reality. In theatres the lighting aspects of the interior are important too,
so these should be modelled as accurately as possible. It is evident that making such
designs is an iterative and preferably interactive process. Therefore next to realism,
short rendering times are called for in these applications. Another characteristic of
such applications is that the models to be rendered are typically very large.
It is very difficult to develop algorithms which meet all these demands. Z-buffering
algorithms are known for their speed (they are even suitable for animation purposes),
but lack sufficient realism for architectural imagery. On the other hand, those algorithms that do offer an acceptable level of realism, such as ray tracing (see figure 1) and
ray tracing based radiosity, are computationally too expensive. Past attempts to overcome these problems generally follow two different approaches. One is to increase
the quality of z-buffer algorithms, while retaining their speed. The other method is to
speed up radiosity and ray tracing algorithms by using parallel or distributed systems.
By having multiple processors in either distributed or shared memory architectures to
compute parts of the same problem, considerable speed-ups are to be expected.
The most common way to parallelise ray tracing is the demand driven approach
where each processor is assigned a part of the image [1] [2] [3]. Alternatively, coher-
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Figure 1: Ray tracing consists of shooting primary rays from the eye point through the
screen and tracing reflected and refracted rays recursively if they intersect with objects.
At each intersection rays are also shot towards light sources for shadow testing.
ent subtasks may be assigned to processors with a low load. This has the advantage
of spreading the load evenly over the processors [4] [5], but it requires either the data
to be duplicated with each processor, thereby limiting the model size, or an efficient
caching mechanism to be implemented. Caching may reduce the amount of communication, but its efficiency is highly dependent on the amount of coherence between
subsequent data requests.
Alternatively, scheduling could be performed by distributing the data over the processors according to a spatial subdivision consisting of voxels. Rays are then traced
through a voxel and when a ray enters the next voxel, it is transferred as a task to the
processor holding that voxel’s objects [7] [8] [9]. This is called the data parallel or data
driven approach and it is the basis of our parallel implementation. The advantage of
such an approach is that there is virtually no restriction on the size of the model to be
rendered. However, there are also some rather severe disadvantages, which include a
load balancing problem and a large overhead on communication when there is a large
number of processors.
The problems with either pure demand driven or data driven implementations may
be overcome by combining the two, yielding a hybrid algorithm [10] [6]. Scherson and
Caspary [10] propose to take the ray traversal task, i.e. the intersection of rays with the
spatial subdivision structure, such as an octree, to be the demand driven component.
As an octree does not occupy much space, it may be replicated with each processor.
Provided the load on a processor is sufficiently low, a processor can then perform
demand driven ray traversal tasks, in addition to ray tracing through its own voxel in a
data driven manner. The demand driven task then compensates for the load balancing
problem induced by the data parallel component, while at the same time the amount
of data communication is kept low.
Computationally intense tasks that require little data are thus preferably handled
in a demand driven manner, while data intensive tasks are better suited to the data
parallel approach. A problem with the hybrid algorithm by Scherson and Caspary
[10] is that the demand driven component and the data driven component are not well
matched, i.e. the ray traversal tasks are computationally not expensive enough to opti-

mally compensate for the load balancing problem of the data parallel part. Therefore,
our data parallel algorithm (presented in section 2 and 3) will be modified to incorporate two extra demand driven components differently from Scherson and Caspary [10].
A key notion for our implementation is coherence, which means that rays that have
the same origin and almost the same direction, are likely to hit the same objects. Both
primary rays and shadow rays directed to area light sources exhibit this coherence.
To benefit from coherence, primary rays can be traced in bundles, which are called
pyramids in this paper. A pyramid of primary rays has the viewpoint as top of the
pyramid and its cross section will be square. First the pyramids are intersected with a
spatial subdivision structure, which yields a list of cells containing objects that possibly intersect with the pyramids. Then the individual rays making up the pyramid are
intersected with the objects in the cells. By localising the data necessary, these tasks
can very well be executed in demand driven mode.
Shadow tracing for area light sources provides another opportunity to exploit coherence, as per intersection, a bundle of rays would be sent towards them. These rays
originate from the intersection point and all travel towards the area light. The coherence between these rays is considerable, and they can also be traced in a pyramid,
much in the same way primary rays are handled. Further, instead of communicating
the shadow ray tasks to neighbouring voxels, shadow tracing can also be performed as
a demand driven task at the local processor that found the intersection. This may necessitate fetching object data from other processes, so that caching becomes a relevant
technique. However, because the same objects may prove to block a light sources for
many possible intersections within a voxel, caching is expected to be highly efficient.
Adding demand driven tasks (processing of primary rays) to the basic data driven
algorithm, will improve the load balance and increase the scalability of the architecture.
In this paper, first a description of the data parallel component of our parallel
implementation is given in section 2. Next, the demand driven component and the
handling of light rays are introduced in section 3. The complete algorithm is described
in terms of processes in these sections. A suitable mapping to a processor topology is
described in section 4. Finally, conclusions are drawn in section 5.

2

Data parallel ray tracing

To derive a data parallel ray tracer, the algorithm itself must be split up into a number
of processes and the object data must be distributed over these processes. Both issues
are addressed in this section, beginning with the data distribution.
Objects in a model generally exhibit coherence, which means that objects consist
of separate connected pieces bounded in space, and distinct objects are disjoint in this
space [4]. Other forms of coherence, such as coherence between rays, where rays with
similar origins and directions are likely to intersect the same objects, are derived from
this definition. To exploit object coherence in a data parallel algorithm, it is best to
store objects that are close together, with the same processor. Such a distribution may
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Figure 2: Host and slave processes.

be achieved by splitting the object space into (equal sized) voxels and assigning each
voxel with its objects to a process.
Ray tracing is now performed in a master-slave setup. A host process initialises
a number of slave processes, and then determines which slave gets which data. After
initialisation, for each primary ray the host determines which voxel it originates in and
sends this ray as a task to the associated trace process. When all primary rays are dispatched, the host will wait for incoming pixel values, which it will write to an image
file. The host and the trace processes and their incoming and outgoing messages are
depicted in figure 2.
Each tracing process has the objects pertaining to its voxel. This process reads a
ray task from its buffer and traces the ray. Two situations may occur. First, the ray may
leave the voxel without intersecting any object. If this happens, the ray is transferred
to a neighbouring voxel. Else, an intersection with some locally stored object is found
and secondary rays are spawned. These are subsequently traced until one of these two
criteria is met.
Shading is performed by the process that found the intersection. To that extend
it performs some extra book keeping by storing intersection information. Then the
secondary rays are spawned. Somewhere in the future colour values for these secondary rays will be returned, which are stored until all results for an intersection are
completed. Then shading is performed and a colour value is returned, see figure 2.
The advantages of this way of parallel ray tracing are that very large models may
be rendered as the object database does not need to be duplicated with each process,
but can be divided over the distributed memories instead. Ray tasks will have to be
transferred to other processes, but as each voxel borders on at most a few other voxels,
communication for ray tasks is only local. This means that data parallel algorithms
are scalable without too much loss of efficiency.
Disadvantages are that load imbalances may occur. These may be solved by either static load balancing, which most probably yields a suboptimal load balance, or
dynamic load balancing, which may induce too much overhead in the form of data
communication.
In order to have more control over the average load of each process, and thereby
overcome most of the problems associated with data parallel computing, some demand
driven components may be added to this algorithm, which is the topic of the following
section.
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Figure 3: Pyramid traversal generates clip list (cells 1-6).
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Demand driven pyramid tracing

As tracing rays is by far the most expensive operation in ray tracing, this should be performed as efficiently as possible, i.e. ray coherence should be exploited where present.
In ray tracing, different types of rays are generated and each of them has unique properties which call for different handling. We classify rays according to the amount of
coherence between them. For example, primary rays all originate from the eye point
and travel in similar directions. These rays exhibit much coherence, as they are likely
to intersect the same objects. This is also true for shadow rays that are sent towards
area light sources.
Restricting ourselves for the moment to primary rays, a common technique to trace
a number of rays together, is by replacing them by a generalised ray [12]. Examples
are cone tracing [16], beam tracing [17] [18] and pencil tracing [19]). A slightly different method is presented here, consisting of two steps. First, the primary rays are
bundled together to form pyramids. These are then intersected with a spatial subdivision. The result of this pyramid traversal is a clip-list, which is an ordered list of cells
that intersect (partially) with a pyramid. No object data is necessary to perform this
step; only the spatial subdivision structure and the pyramids. Assuming the subdivision structure is a bintree, the process of pyramid traversal is depicted in figure 3.
The second step consists of tracing the individual rays within each pyramid, using
the information obtained from the pyramid traversal. Tracing the rays within a pyramid will therefore require a relatively small number of objects, namely the objects that
lie within the cells traversed. For this reason, pyramid tracing may be executed in a
demand driven manner, as the data communication involved is restricted.
As the pyramids diverge the further they are away from the origin, coherence decreases. There are two other causes for the decrease in coherence. Some of the rays
within a pyramid may intersect with an object, leaving gaps between the primary rays
that continue. Also, intersections cause secondary rays that may travel in completely
different directions. It may therefore be necessary after a certain distance is travelled,
to switch from demand driven execution to data driven execution, as described in the
preceding section.
Another opportunity to exploit ray coherence, is provided by shadow rays. Whereas
in data parallel tracing, the voxels that contain light sources, may become bottlenecks,
a demand driven approach may successfully circumvent this problem. Especially area
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Figure 4: The object in the right voxel is needed for light pyramid tracing by the
process managing the left voxel.
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Figure 5: Host, trace and pyraclip tasks and the communication between them.

light sources, which generate a bundle of rays per intersection, are problematic in data
parallel tracing. It is therefore advantageous to apply some form of pyramid tracing
to these rays as well. To avoid contention at the processes containing light sources,
light pyramids may be processed locally by the processes that initiated them [14]. If
we choose to trace shadow pyramids with the process that spawned them, it may be
necessary to fetch objects from remote processes, as figure 4 illustrates. In this figure,
the object in the right voxel, which is in front of the area light source, is needed by all
light pyramids depicted.
Each process that may spawn light pyramids should be equipped with a cache,
which reduces data communication. The effectiveness of such a cache is estimated to
be high, because many pyramids generated from within a voxel, will intersect with the
same objects.
In figure 5, the resulting setup of host, data parallel trace and demand driven pyraclip tasks is depicted. Pyraclip tasks generated by the host are for primary rays and
pyraclip tasks originating from a trace process are for tracing shadow rays.
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Architecture and implementation

Up until this point, the algorithm is described in terms of processes, which is architecture independent. If this algorithm is to be implemented, these processes must be
mapped onto a certain hardware architecture.
There is a choice between message passing and shared memory architectures.
Message passing architectures are naturally scalable, but communication between processes must be explicitly specified by the application. To reduce the amount of communication, caching may be used. The performance of the cache depends strongly
on the amount of data locality. Similar arguments apply for advanced shared memory
architectures that also use local caching to reduce the amount of communication with
main memory [15]. Therefore, our algorithm is suitable for both types of architecture, as it is designed to minimise the amount of data needed per intersection. Our
current system is implemented on a message passing architecture, the mesh connected
Parsytec GCel.
The algorithm distinguishes a number of different processes. First of all, there is
a host process, which initiates pyramid traversal tasks and receives pixel values. Second, there are pyramid tracing processes which operate in demand driven mode. Ray
tracing processes for tracing individual secondary rays form a third category. These
processes also perform light pyramid tracing, using a cache for objects. Shading is
performed by the process that found the intersection.
One possible mapping of processes onto processors is depicted in figure 6. There
is one host processor and a cluster of slave processors. Each of these slave processors
runs data parallel tracing processes. Some of them, typically the ones with a low
load, may also run a pyramid tracing process. Pyramid tracing tasks should preferably
be scheduled to processors that are located close to the host processor, in order to
minimise long distance communication.
In a data parallel tracing cluster, the optimal number of processors will be bounded
by the amount of task communication which increases when new processors are added.
If this optimal number of processors is lower than the number of processors available
for data parallel tracing, it may be possible to add other identical data parallel clusters.
In that case the object database is distributed within a cluster, but duplicated over the
clusters. Ray tasks may then be executed in any of the available clusters, without ever
having to be transferred between clusters. This scheme of cluster replication works
in ray tracing by virtue of the static nature of the object database, but not in radiosity
and other algorithms, such as Radiance [20], which update the object database in the
course of execution.
For the current implementation we have used an adapted version of Rayshade [21],
which is a sequential public domain ray tracer. The language used is C, extended
with the PVM parallel library [22]. Although using standard libraries may be less
efficient than hard coding for a specific architecture, it has great advantages in terms
of portability.
Currently, the demand driven tasks consist of primary rays only. Scheduling is performed statically and there are three scheduling criteria. These are processors with a
voxel on the model boundary, processors with a low number of objects and processors
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Figure 6: Mapping of processes onto processors
with a low number of light sources.

5 Conclusions
The two basic approaches to parallel rendering, demand driven and data parallel, both
have their advantages and shortcomings. Data driven scheduling allows the algorithm to be scaled, but almost invariably leads to load imbalances. Demand driven
approaches achieve better load balancing, but may suffer from a communication bottleneck due to insufficient cache performance, which makes them less scalable.
In order to arrive at an efficient scalable algorithm for ray tracing, the algorithm
is best split into a demand driven and a data parallel component. Rays that show
much coherence are then most efficiently traced by a demand driven algorithm which
exploits ray coherence as much as possible. The pyramid tracing algorithm described
in this paper does precisely that.
For rays that are less coherent, such as reflection rays and transparency rays, the
data parallel approach pays off, as fetching object data, which is associated with demand driven solutions, is too expensive for single rays.
As both message passing and shared memory systems rely on caching mechanisms
for efficiency, an application running on such machines should optimise data locality.
By exploiting ray and object coherence present in ray tracing, data locality can be preserved. This holds for simple ray tracing applications, but also for more involved ray
tracing based radiosity and Monte Carlo algorithms, where for each patch or intersection, a hemisphere is sampled.
Features to be implemented next include the demand driven scheduling of light
rays and the implementation of dynamic scheduling for pyramid tasks.
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